Application of hydroxyapatite (HAp) nanoparticles to repair damaged enamel has attracted recent attention. In this study, HAp nanoparticles with various morphologies (spherical, short-rod, long-rod and fiber morphologies) were synthesized via chemical precipitation methods without the addition of template molecules, and the adsorption/desorption behaviors of a cationic antibacterial agent, cetylpyridinium chloride (CPC), on the HAp nanoparticles were evaluated. The adsorption of CPC on each HAp nanoparticle showed Langmuir-type adsorption, and the short-rod/long-rod HAp nanoparticles showed thermodynamically more stable adsorption of CPC than that with the spherical/fiber HAp nanoparticles. The desorption rate of CPC from the short-rod/long-rod HAp nanoparticles was slower than that of the spherical/fiber HAp nanoparticles. The HAp nanoparticles with different CPC release profiles presented here have potential applications as nanoparticulate enamel repair agents with antibacterial properties.
INTRODUCTION
Various attempts have been undertaken to harden the enamel surfaces or to remineralize tooth enamel by using fluoride 1) , metastable calcium phosphate (CaP) solution 2) , or acidic phosphate fluoride solution 3) treatments. Recently, the direct application of nanoparticulate hydroxyapatite (HAp) -one of the most widely used types of CaP materials 4)-for repairing (remineralizing or hardening) damaged enamel has attracted attention [5] [6] [7] . For example, Huang et al. 5) demonstrated that HAp nanoparticles have a remineralization effect on initial caries lesions, similar to that of the fluoride. Furthermore, Li et al. 6) showed that the hardening effect enhanced with the use of 20-nm HAp than that of the several hundred nanometer-sized HAp or 20-nm amorphous calcium phosphate (ACP).
Direct restorative materials (such as composite resins and glass ionomer cements) with antibacterial properties have been developed [8] [9] [10] [11] [12] to avoid secondary caries resulting from plaque formation on restorative materials, which has been reported as the main cause of restoration failure 13) . Thus, the incorporation of antibacterial properties into nanoparticulate repair agents should be an effective method to restore the damaged enamel and prevent the formation of secondary caries; however, there have been few reports on the subject to date.
Cetylpyridinium chloride (CPC) is a cationic quaternary ammonium salt that is widely used as the active component of oral antiseptics due to its broad antimicrobial spectrum with a particularly strong bactericidal effect against gram-positive bacteria [14] [15] [16] . Namba et al. 11) showed that a simple mixture of CPC with a light-curable resin led to growth inhibition of Streptococcus mutans attached to the resin surface, although no inhibitory effect was observed against bacteria that were not attached to the surface. Ehara et al. 16 ) developed a resin with recoverable antibacterial activity based on the desorption/adsorption of CPC by the ion-exchange mechanism.
The objective of the present study was to investigate the adsorption and desorption behaviors of CPC molecules on HAp nanoparticles with different morphologies that were prepared using a templatefree chemical precipitation method, in order to develop nanoparticulate enamel repair agents with antibacterial properties. We hypothesized that the adsorption capacity and desorption profile of CPC on HAp nanoparticles would be controllable by adjusting the morphology of the HAp nanoparticles.
MATERIALS AND METHODS

Materials
Unless otherwise stated, all materials were guaranteed reagent-grade and used as received from Wako Pure Chemical Industries (Osaka, Japan).
HAp nanoparticles
An aqueous solution of Ca(NO 3)2•6H2O (42 mM, 800 mL), whose initial pH (10.0 or 6.0) was adjusted by addition of 28% ammonia solution, was poured into a 1-L reactor equipped with an inlet for nitrogen and a magnetic stirrer. After the temperature in the reactor was equilibrated to a predetermined level (25, 50, or 80°C) , an aqueous solution of (NH 4)2HPO4 (100 mM, 200 mL) was added into the reactor, and the resultant mixture Adsorption and desorption behaviors of cetylpyridinium chloride on hydroxyapatite nanoparticles with different morphologies Fig. 1 XRD patterns of the samples prepared by a chemical precipitation process at an initial pH of (a-c) 10 or (d-f) 6 and at a reaction temperature of (a, d) 25°C, (b, e) 50°C, or (c, f) 80°C.
was stirred for another 24 h at the same temperature. The resulting product was then centrifugally washed (1,500 rpm; 10 min) with distilled water until the pH of the solution became neutral, and was then redispersed in water. The aqueous dispersion (solid concentration, ca. 4 wt%) was stored at room temperature, and used for the adsorption of CPC (see section Adsorption/desorption of CPC) without drying. The dispersed sample was dried on an aluminum stub and coated using an osmium coater Neoc-Pro (Meiwafosis, Tokyo, Japan). The particle morphology was observed by scanning electron microscopy (SEM) using a JSM-6701F microscope (JEOL, Tokyo, Japan) operated at 5 kV. The number-averaged particle size (n=50) was determined from SEM photographs with image analysis software (Image J, National Institutes of Health, Bethesda, MD, USA).
Fourier-transform infrared (FT-IR) spectra were obtained using an IRAffinity-1S system (Shimadzu, Kyoto, Japan) with a KBr pellet method at a resolution of 4 cm −1 with 32 scans. Prior to the measurements, the samples were dried under vacuum at 60°C for 15 h.
Product identification was conducted by X-ray diffraction (XRD) measurements (RINT2500HF, Rigaku, Tokyo, Japan) equipped with a Cu-Kα radiation source.
The specific surface area was determined with the nitrogen adsorption technique using a BrunauerEmmett-Teller NOVA-3000 micropore analyzer (Quantachrome Instruments, Boynton Beach, FL, USA). The samples were dried under reduced pressure at room temperature for 2 days, and were degassed at 40°C for 2 h just before the measurements were taken.
The Ca/P atomic ratio of each HAp nanoparticle was measured by inductively coupled plasma-atomic emission spectrometry (ICP-AES, SPS4000, Seiko Instruments, Chiba, Japan). Commercially available calcium and phosphorus standard solutions were used to obtain the standard curves for ICP-AES measurements.
Adsorption/desorption of CPC
The aqueous dispersion of HAp nanoparticles (solid content, 0.020 g) was mixed with a CPC aqueous solution in a test tube, and the CPC concentration was set to 0.5, 1.0, 1.5, 3.0, or 5.0 mmol/L (total, 4 mL). The test tube was soaked in a water bath at room temperature for 24 h, and then the CPC-adsorbed HAp nanoparticles were dried after centrifugal separation (3,500 rpm, 5 min) followed by washing with distilled water. The dried nanoparticles were dissolved in an HCl solution (pH 1), and the amount of CPC adsorbed was determined by measuring the ultraviolet (UV) absorption (λ=258 nm) of the solution with a UV/Vis spectrophotometer (DU730, Beckman Coulter, Brea, CA, USA).
In order to evaluate the desorption behavior of CPC on the HAp nanoparticles, the CPC-adsorbed HAp nanoparticles were prepared according to the procedure described above (0.2 g HAp; 40 mL of 3.0 mmol/L CPC). A portion (0.025 g) of the dried CPC-adsorbed HAp nanoparticles was dispersed in 5.0 mL of phosphatebuffered saline (PBS) and then the PBS dispersion in a test tube was placed in a water bath at 37°C for several days. The supernatant was separated from the PBS dispersion by centrifugation (3,500 rpm, 5 min) and was collected, and the precipitation was redispersed in fresh PBS on day 1, 3, 5, and 7. The amount of CPC desorbed was determined by measuring the UV absorption (λ=258 nm) of the supernatant with a UV/Vis spectrophotometer (DU730).
The adsorption or desorption test was repeated 4 times, and the data obtained are represented as means±standard deviations (SDs). Figure 1 shows the XRD patterns of the samples obtained by the chemical precipitation method under different conditions. Under the alkaline conditions (initial pH, 10.0; Fig. 1a -c), the XRD patterns indicated the formation of HAp (JCPDS PDF No. 9-732), and broadened peaks were observed for the powder formed at low temperature (25°C). Under the acidic conditions (initial pH, 6.0), a HAp phase was only observed for the powder formed at 80°C (Fig. 1f) , whereas no HAp phase was observed at lower temperature, although octacalcium phosphate (OCP; JCPDS PDF No. 26-1056) and dicalcium phosphate dihydrate (DCPD; JCPDS PDF No. 9-77) were formed ( Fig. 1d and e) . Figure 2 shows the SEM photographs of the obtained samples. Under the alkaline conditions, 17-nm-sized spherical nanoparticles were observed for the sample formed at 25°C (Fig. 2a) , and rod-shaped nanoparticles (154 nm in the long axis, 13 nm in the short axis) were observed for the sample formed at 50°C (Fig. 2b) . Elongated rod-shaped nanoparticles (585 nm in the long axis, 43 nm in the short axis) were formed under the alkaline conditions at 80°C (Fig. 2c) , whereas more elongated nanofibers (3,550 nm in the long axis, 48 nm in the short axis) were formed under the acidic conditions at 80°C (Fig. 2f) . Hereafter, these HAp nanoparticles are referred to as spherical (alkaline; 25°C), short-rod (alkaline; 50°C), long-rod (alkaline; 80°C), and fiber (acidic; 80°C) HAp, respectively. Note that the crystal habit of the long-rod HAp was a hexagonal prism, whereas that of the fiber HAp was blade-shaped. The OCP/DCPD particles obtained under the acidic conditions at lower temperatures showed micron-sized blade-shaped morphologies (Figs. 2d and 2e) .
RESULTS
Preparation of HAp nanoparticles
The specific surface areas and Ca/P ratios of the four kinds of HAp nanoparticles prepared under different conditions are summarized in Table 1 . The specific surface area was the largest for the HAp sample formed at low temperature (spherical HAp) and decreased with an increase in synthesis temperature under the alkaline conditions. The specific surface area of the fiber HAp was slightly larger than that of the long-rod HAp. The Ca/P molar ratio of all of the HAp samples prepared in this study was lower than that predicted by the stoichiometry of HAp (Ca 10(PO4)6(OH)2; Ca/P molar ratio=10/6), indicating the formation of calcium-deficient HAp. The short-rod and the long-rod HAp showed relatively larger Ca/P values, whereas the spherical and fiber HAp showed lower Ca/P values. As shown in the FT-IR spectra in Fig. 3 , the IR absorptions due to OH − and PO4 3− in a typical HAp structure 17, 18) were observed in all of the HAp nanoparticles prepared under different conditions. In brief, the peaks at 3,573 and 632 cm −1 were attributed to O-H stretching vibrations in the HAp lattice, respectively, and the characteristic peaks due to PO 4 3− absorptions were found at 1092/1045 (ν3PO4 3− ), 963 (ν1PO4 3− ), 603/572 (ν4PO4 3− ), and 474 (ν2PO4 3− ) cm −1 . In the FT-IR spectrum of the fiber HAp shown in Fig. 3d , additional peaks at 1,209/860 cm −1 and a broad band at around 1,140 cm −1 were observed, which were likely due to the presence of HPO3 2− 19) . Bands at 1,456/1,413 and 877 cm −1 were attributed to CO3 2− -substituted phosphate positions in the HAp lattice 20) . Figure 4 shows the amount of CPC adsorbed on the HAp nanoparticles from aqueous solutions of CPC at a constant mixing ratio of HAp to the solution. The amount of CPC on the HAp nanoparticles increased rapidly for initial CPC concentrations up to 1.5 mmol/L, and then increased gradually at higher initial concentrations. The amount of adsorption of CPC for each HAp type was observed in the following order: spherical>short-rod>long-rod>fiber HAp. The reciprocal numbers of the equilibrium concentration of CPC in the solution (C ) and the adsorbed amount of CPC (Γ ) obtained from Fig. 4 are plotted in Fig. 5 . The 1/Γ value obtained at the lowest C was excluded because of its large deviation even in the case of small deviation of Γ. Each plot shows a linear relationship, indicating that the CPC adsorption behaviors on the four kinds of HAp nanoparticles fit with a Langmuir adsorption model 21) under the conditions applied in this study. According to the Langmuir model, the saturated adsorption amount of CPC on each HAp (Γm) and the equilibrium constants (a) were calculated from the following equation 21) :
Adsorption and desorption of CPC
The calculated values are summarized in Table 1 . The Γ m value of long-rod HAp was the highest among the four types, and closely corresponded with the reported surface density of CPC (2.14-2.75 µmol/m 2 ) at the airwater interface in the presence of electrolytes (NaCl) at 25°C 22) . The Γm value decreased in the following order: long-rod>short-rod>spherical>fiber. The equilibrium constants of short-rod and long-rod HAp showed larger values compared with those of spherical and fiber HAp, indicating that the adsorption of CPC onto short-rod and long-rod HAp is thermodynamically more stable as compared with that onto spherical and fiber HAp. Figure 6 shows the desorption profiles of CPC from the HAp surfaces in PBS at 37°C. The CPC molecules adsorbed on the HAp surfaces were gradually released into the aqueous media in all cases. The release rate was in the following order: spherical>fiber>short-rod>long rod.
DISCUSSION
HAp belongs to a hexagonal crystal system 23) , and hence HAp surfaces exhibit anisotropic characteristics, including anisotropic adsorption profiles, according to the crystal morphology 24) . The morphology of HAp nanoparticles can be manipulated by adding template additives (such as surfactant molecules 25, 26) and amino acids [27] [28] [29] [30] ). This variation is mainly due to the inhibition of crystal growth from preferential adsorption of the template molecules onto the HAp surface. Therefore, these template molecules also affect the adsorption/ desorption characteristics of the post-added molecules on HAp surfaces.
In this study, we prepared HAp nanoparticles with various morphologies via a chemical precipitation process without the use of template molecules. Chemical precipitation methods have been widely used for preparing HAp nanoparticles because they are simple and cost-effective. Simple mixing of two aqueous solutions of calcium and orthophosphate results in the formation of highly supersaturated solutions for HAp, which induces the rapid precipitation of HAp nanoparticles 31) . The morphology of HAp nanoparticles depends on the precipitation conditions applied, such as the concentration of reactants, ionic strength, pH, and temperature 31, 32) . The morphology of amorphous nanoparticles is generally spherical, whereas that of crystalline nanoparticles is determined thermodynamically or kinetically according to the surface energy or reaction rate constant of each crystalline plane 33) . In this study, chemical precipitation under the alkaline conditions at low temperature (25°C) resulted in the formation of spherical nanoparticles, which was likely due to the formation of ACP, as it has no specific crystalline planes and a relatively low Ca/P ratio at the initial stage 34) . The increase in preparation temperature led to the formation of rod-shaped nanocrystals with a crystal structure of a hexagonal prism. The a-plane of the HAp crystal shows smaller interfacial energy in aqueous medium compared with the c-plane 35) , which leads to the formation of elongated hexagonal prisms. Under acidic conditions (initial pH, 6.0), the pH of the aqueous dispersion decreased due to the formation of HAp. In this study, lower temperature (25 or 50°C) led to the formation of DCPD and OCP, which are stable calcium phosphate phases in the acidic condition 36) . The higher temperature (80°C) led to the formation of only the HAp phase with fibrous morphologies. This might occur because HAp initially precipitated at high temperature at the initial pH of 6.0 37) and then the HAp crystal grew epitaxially, or because fibrous OCP nanocrystals were initially formed and then hydrolyzed into HAp crystals 38) during the high temperature treatment at 80°C. The resultant fiber HAp had a lower Ca/P ratio as compared with that of the rodshaped HAp prepared under alkaline conditions, which indicates that calcium ions were exchanged with protons under acidic conditions; hence, HPO 3 2− was observed in the FT-IR spectrum.
In this study, we conducted the adsorption tests under constant amounts of HAp nanoparticles, and analyzed the adsorption behaviors with a Langmuir adsorption model, where the adsorbed amount of CPC was normalized by the surface area of the nanoparticles used ( Table 1 ). Note that the HAp nanoparticles used for the adsorption tests in this study should be weakly flocculated 39) , and the drying of the nanoparticle dispersion generally induces the formation of severe aggregation that decreases the surface area of the nanoparticles 34, 40) . Therefore, the nanoparticles for CPC adsorption tests were used without drying after the preparation. The cationic cetylpyridinium ions should be adsorbed onto HAp through ionic interactions with anions on the HAp surfaces. The surface ion composition (and hence the surface charge) of HAp in aqueous medium varies according to the ion composition of the medium, and HAp surfaces show negative charges in aqueous media under neutral pH 41) . The deviation of the Ca/P ratio from the stoichiometric value (Ca/P molar ratio=10/6) would also result in a decrease in the negative surface charge on the HAp surface in an aqueous medium 42) due to an increase in the solubility of HAp 41) and the degree of re-adsorption of PO4 3− ions onto the HAp surface 43) . In this study, the CPC adsorption onto the HAp nanoparticles with different morphologies showed a Langmuir-type adsorption. The a and Γ m values of short-rod and long-rod HAp nanoparticles were larger compared with those of spherical and fiber HAp, indicating that a rod-shaped morphology supports a thermodynamically stable interaction between CPC and HAp with larger negative surface charges. Note that the critical micelle concentration (CMC) of CPC is around 0.9 mmol/L in pure water at 25°C 22) . Therefore, CPC molecules seem to exist as monomeric surfactant molecules at 0.5 mmol/L of CPC, whereas micelles formed above 1.0 mmol/L in this study. Atkin et al. investigated the adsorption kinetics and structural arrangements of cetylpyridinium bromide (CPBr) at the silica-aqueous interface 44) , and they found that CPBr micelles adsorb directly to the silica surface above CMC and this is reflected in the structure of the surface layer. In this study, although we used the HAp nanoparticles, which have larger amount of ionic species as compared with silica and are slightly soluble in water, CPC micelles were likely to adsorb directly onto HAp surfaces above CMC. In order to fully understand the adsorption state of CPC on each kind of HAp surface, it is necessary to observe the morphology of CPC layer on each HAp surface.
The desorption tests were conducted with the CPCloaded HAp nanoparticles prepared under the constant and relatively high CPC concentrations (3.0 mM; above CMC) in order to evaluate the desorption behaviors of CPC from HAp nanoparticles with high loading amount of cationic antibacterial agents. The desorption behaviors of CPC were also different among the HAp nanoparticles with different morphologies; thus, the release rate of antibacterial CPC from HAp nanoparticles can be controlled by manipulating their morphologies. The short-rod and long-rod HAp nanoparticles showed slower desorption rates, indicating a thermodynamically stable interaction of CPC and HAp that was favorable for the slow release of antibacterial CPC molecules. Note that CPC interacts with each other via a hydrophobic interaction, which should also cause the slowest desorption rate of the long-rod HAp that showed the highest surface density of CPC (Table 1) .
Although the nanoparticles of CaP, including HAp, have been widely studied as filler materials for non-resolvable materials such as resin matrices 10, 45) , the mechanical properties of CaP-filled resins will change owing to the dissolvability of CaP under acidic pH conditions. Recently, direct application of HAp nanoparticles to repair damaged enamel has attracted attention because of its dissolvability (i.e., the remineralization effect due to the release of calcium and phosphate ions 46, 47) and a neutralization effect 48) ). The HAp nanoparticles with controlled CPC release profiles developed in this study show potential applications as enamel repair agents to restore the damaged enamel and prevent the formation of secondary caries.
CONCLUSIONS
The morphology of HAp nanoparticles can be varied via simple and cost-effective chemical precipitation methods without requiring the addition of template molecules, which remain and cover the HAp surfaces. The adsorption and desorption behavior of CPC on HAp nanoparticles depends on the morphology of the HAp nanoparticles, and the rod-shaped HAp nanoparticles resulted in a thermodynamically stable interaction between CPC and HAp. The antibacterial-modified HAp nanoparticles with different CPC release profiles presented here show potential applications as enamel repair agent for damaged enamel.
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